Both chitosan and polylactide/polyglycolide have good biocompatibility and can be used to produce tissue engineering scaffolds for cultured cells. However the synthetic scaffolds lack groups that would facilitate their modification, whereas chitosan has extensive active amide and hydroxyl groups which would allow it to be subsequently modified for the attachment of peptides, proteins and drugs. Also chitosan is very hydrophilic, whereas PLGA is relatively hydrophobic. Accordingly there are many situations where it would be ideal to have a copolymer of both, especially one that could be electrospun to provide a versatile range of scaffolds for tissue engineering. Our aim was to develop a novel route of chitosan-g-PLGA preparation and evaluate the copolymers in terms of their chemical characterization, their performance on electrospinning and their ability to support the culture of fibroblasts as an initial biological evaluation of these scaffolds. Chitosan was first modified with trimethylsilyl chloride, and catalyzed by dimethylamino pyridine. PLGA-grafted chitosan copolymers were prepared by reaction with end-carboxyl PLGA (PLGA-COOH). FT-IR and 1 H-NMR characterized the copolymer molecular structure as being substantially different to that of the chitosan or PLGA on their own. Elemental analysis showed an average 18 pyranose unit intervals when PLGA-COOH was grafted into the chitosan molecular chain. Differential scanning calorimetry results showed that the copolymers had different thermal properties from PLGA and chitosan respectively. Contact angle measurements demonstrated that copolymers became more hydrophilic than PLGA. The chitosan-g-PLGA copolymers were electrospun to produce either nano-or microfibers as desired. A 3D fibrous scaffold of the copolymers gave good fibroblast adhesion and proliferation which did not differ significantly from the performance of the cells on the chitosan or PLGA electrospun scaffolds. In summary this work presents a methodology for making a hybrid material of natural and synthetic polymers which can be electrospun and reacts well as a substrate for cell culture.
Introduction
Chitosan is a special polysaccharide macromolecular material with properties and bioactivities which other synthetic polymers cannot provide. In particular the active amide and hydroxyl groups of chitosan molecules make them attractive as they provide reactive groups which are suitable for subsequent modification and they are very hydrophilic with excellent biocompatibility, biodegradability and mechanical features.
Polylactide in contrast is strongly hydrophobic and lacks reactive groups. Accordingly the poor reactivity of polylactide can limit its application in tissue engineering and it is often modified by the introduction of synthetic, more rapidly degrading polyglycolide (PGA) or the introduction of natural polymers such as collagen, gelatin, dextran, starch, alginate, hyaluronate, chondroitin sulfate, chitosan or RGD small peptides [1] . One can obtain novel biomaterials by a range of modification methods including copolymerization, blending, coating, grafting and absorption. For example, You et al [2] prepared starch/lactide copolymers by graft polymerization and achieved copolymers with good biodegradability but poor mechanical strength. Cai et al [3] and Ouchi et al [4] reported the production of blends and copolymers with polylactide and dextran respectively, reporting that the copolymers had better mechanical properties and cellular affinity than the blends. Additionally in recent years there have been many approaches [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] to combine natural polymers with synthetic polymers to achieve hybrid materials with the best of both properties.
A controllable method for introducing chitosan into PLA/PLGA chains would give new biomaterials with the desirable properties of increased hydrophilicity, and the introduction of reactive groups for modification as desired. However, as polysaccharides are highly hydrophilic and do not melt and are insoluble in most organic solvents, they cannot react directly with lactides. Hence the aim of this study was to design a novel route for producing a copolymer by initially modifying chitosan with silylation reagents so it could be dissolved in organic solvent [16] , and then grafted with end-carboxyl PLGA. We investigated the effect of chitosan modification and PLGA-COOH chain length in the production of copolymers which we then electrospun and examined for their ability to support cell culture.
We chose electrospinning as it is proving to be a very versatile technique for producing scaffolds. The requirement for specialized structural basement membrane collagens to assist in cell adhesion has been reported from this [17] and many other laboratories and with electrospinning fibers can be produced covering a range of dimensions from nano to micro, to some extent mimicking the collagen fibrils of the extracellular matrix [18] . The open space conformation of electrospun scaffolds is also favorable for cell infiltration as confirmed in an increasing number of papers in which electrospun scaffolds are used for a wide range of tissue engineering applications [19] [20] [21] [22] [23] [24] [25] [26] . Accordingly in this study, we also evaluated the chitosan/PLGA copolymers for their ability to support culture of human dermal fibroblasts compared to chitosan or PLGA scaffolds on their own.
Materials and methods

Materials
The materials used were chitosan (Sigma, deacetylation >90%, viscosity >100 mPa s in 1% acetic acid solution), end-carboxyl PLGA (LA/GA = 75/25, Mv = 5000, Shandong Medical Devices Institute, China), trimethylsilyl chloride (Sigma), hexamethyldisilizane (Sigma), 4-dimethylamine pyridine (DMAP, 99.5%, Sigma), 1,1,1,2,2,2-hexafluoroisopropanol (HFIP, Sigma), N,Ndimethylfomamide (DMF, Sigma), DMEM medium and PBS solution (Gibco).
Modification of chitosan
The preparation of trimethylsilylation of chitosan was as described in [16] . Briefly, chitosan (0.500 g, 3.1 mmol pyranose) was pulverized and added to 40 mL of pyridine. The dispersion was heated at 100
• C for 24 h and allowed to cool to room temperature. Hexamethyldisilazane (5.00 g, 31.0 mmol), chlorotrimethylsilane (TMS-Cl, 3.4 g, 31.0 mmol) were added, and after being heated at gentle reflux for 24 h with vigorous stirring, the mixture solution was poured into 300 mL of acetone. The precipitate was filtered, washed with water, and dried in vacuo to give 0.5 g of a pale tan powder.
Preparation of graft polymers
4-dimethylaminopyridine (DMAP, 0.38 g, 3.1 mmol), trimethylsilylation of chitosan (0.5 g), and designated ratio of end-carboxyl PLGA were mixed with 50 mL dehydrate pyridine and stirred at reflux for reaction (1 mL triethylamine as the catalyst) according to different reaction conditions (reaction time was 6 , 8 and 10 h, temperature was set 80, 100 and 120
• C, chitosan/PLGA mass ratio 1:1, 1:2 and 1:3 respectively). After the termination of reaction, the mixture appears as a clear solution; then it was dropwise added to 200 mL deionized water. The precipitate was filtered and washed with water twice more, and dried at 80
• C overnight.
Desilylation to regenerate free hydroxyl and amino of chitosan molecules
To 100 mL of a mixed solvent of methanol/acetic acid (3:1) was added 0.5 g of silylated chitosan/PLGA copolymers, and the mixture was stirred at room temperature for 24 h. The resulting undissolved substance was freeze-dried, and the solid was dissolved in 30 mL of chloroform to wash out the PLGA residues. The precipitate was collected by filtration, washed with acetone and then with methanol, and dried to give about 0.35 g of chitosan/PLGA copolymers (named chitosang-PLGA) as a pale tan solid. The synthesis route is described in figure 1 . A combination of FTIR, 1 H NMR and differential scanning calorimetry (DSC) was then used to characterize the copolymers. 
Characterization of graft copolymers
FT-IR spectra were obtained using EQUINOX-55 (FTIR, Bruker), wavelength range 4000-400 cm −1 , resolution 2 cm −1 . 1 H-NMR was conducted using a Varian Unity Invoa-500 (Varian), with CF 3 COOD as the solvent, at 26
• C, 500 MHz. Thermal analysis (DSC) was under NETZSCH DSC-204, Al 2 O 3 pot. Samples were heated from room temperature to 120
• C with 10
• C min −1 heating rate and kept for 2 min and then cooled to 20
• C with cooling rate of 20
and kept for 5 min. Finally the temperature was increased by 10
• C and the heating curve recorded. All the tests were in a N 2 atmosphere at 20 mL min −1 gas flow rate.
Elemental analysis was conducted using an ELEMENTAR Vario EL machine to determine the C, H, N content of samples. The hydrophilicity of the copolymer film was tested by measuring the contact angle (Optical Contact Angle Measurement System, OCA20), using HFIP/DMF (95/5, m/m) as a solvent for the preparation of test films. A small solution droplet was carefully placed on the film surface and the contact angles determined using a minimum of five measurements with less than 1
• error between each.
Electrospinning and characterization
Chitosan-g-PLGA solutions (5%, 7%, 9% and 12% m/m) were prepared by dissolving in HFIP/DMF (95/5, m/m). Chitosan was dissolved with TFA (trifluoroacetic acid) in 8% (m/m). A 10% (m/m) PLGA (75/25) solution was formed with HFIP only. The solution was transferred to a 1 mL syringe attached to a blunt-tip stainless steel needle (20G). A steady flow of the solution from the needle spinneret was achieved using a syringe pump (Aladdin 1000) at a flow rate from 0.6 to 1.5 mL h −1 . A high-voltage power supply (Brandenburg, Alphaseries III) was used to create an electric field. The typical electrospinning distance between the spinneret and the collector surface was between 10 and 20 cm. Jet formation/stability was assisted by means of an aluminum focusing ring placed 5 mm behind the tip of the needle. A voltage of 15 kV was used and electrospun fibers were collected on an aluminum foil coated rotated drum collector.
In vitro degradation of chitosan-g-PLGA films
The chitosan-g-PLGA was dissolved in HFIP/DMF and cast on a PTFE mold, with evaporation of the solvent forming thin films. The films were cut into disks of 10 mm diameter and 2 mm thickness using a biopsy punch. Samples were sterilized in 70% ethanol for 10 min and then washed three times with sterile PBS immediately prior to study. Samples were immersed in 2.0 mL of DMEM (no serum) solution and incubated at 37
• C and under 5% CO 2 atmosphere. The DMEM medium was replaced the next day and then every 4 days thereafter for up to 28 days. Samples were analyzed by weight at different time points to assess the degradation rate in DMEM medium. At specified time intervals, the films were taken out of the media, washed with distilled water, dried and weighed. The degree of in vitro degradation was expressed as the percentage of the dried sample weight before and after degradation.
Culture of fibroblasts on scaffolds
Normal human fibroblasts were isolated and cultured as reported previously [17] . Passage 3 fibroblasts were used and were cultured in DMEM supplemented with 10% (v/v) fetal calf serum, 2 mM glutamine, 0.625 mg mL −1 amphotericin B, 100 IU mL −1 penicillin and 100 mg mL −1 streptomycin.
Scaffolds of diameter 2 cm were sterilized in 70% ethanol for 10 min and washed three times in PBS and twice in medium. Scaffolds were then placed in 12-well plates and stainless steel rings with an internal diameter of 1 cm were applied with pressure to one side of the electrospun scaffolds. Cells were seeded in a volume of 300 μL of medium and incubated for short periods of time (up to 6 h) with 1 × 10 6 cells per scaffold for cell attachment or with a seeding density of 3 × 10 5 cells per scaffold for up to 7 days to assess proliferation. Culture medium was replenished twice a week. The extent of cellular adhesion and cell proliferation was determined by an MTT assay of cell viability as described in Blackwood et al [19] .
For SEM of cells on scaffolds specimens were fixed and dehydrated according the methods of Yang et al [20] . The samples were gold sputtered and then examined using Philips/FEI XL-20 SEM at an accelerating voltage of 10-15 kV. 
Statistics
Data were collected from triplicate samples and were expressed as the mean ± standard deviation (SD). Statistical analysis was performed with Student's t-test and significance was determined at p < 0.05.
Results
Synthesis of the PLGA-g-chitosan polymer
FT-IR spectra of chitosan, trimethylsilyl chitosan (TMSchitosan) and chitosan-g-PLGA from 400 to 4000 cm −1 are shown in figure 2. These show the peak between 3200 and 3500 cm −1 related to symmetric and asymmetric O−H and N−H respectively in the chitosan molecules in figure 2(O) and the peaks 2899-2958 cm −1 related to C−H vibration absorption of the −CH, −CH 2 , −CH 3 groups especially for trimethylsilyl. Peaks between 1150 and 1000 cm −1 were attributed to pyranose rings.
Two new strong absorption bands appeared at 1254 and 841 cm −1 respectively in the trimethylsilylation of chitosan spectrum which were absent from the pure chitosan spectrum and may be assigned to the Si−CH 3 and Si−O stretching band for the trimethylsilyl modified chitosan in figure 2(I) and (II). The ester C=O band at 1750 cm −1 shifts to a higher frequency (1754 cm −1 ) after the formation of graft polymers as seen in figure 2(II) and (III). We also see that bands of 1254 and 841 cm −1 disappeared after desilylation, suggesting that the regeneration of −OH, −NH 2 comes from chitosan molecules. Figure 3 illustrates the 1 H-NMR spectrum of deprotection of the copolymer of chitosan/PLGA. The main resonance peaks can be briefly attributed to such groups as follows: the strong signals at δ = 0.72-1.03 correspond to −CH 3 of PLGA; δ = 2.12-2.23 for −CH of PLGA; δ = 4.05-5.91 for hydrogen signals of pyranose ring of chitosan unit appearing as complex multiplet; δ = 8.28 for the −NH proton resonance absorption of which is linked to C2 in chitosan molecule; δ = 11.50 for CF 3 COOD solvent.
In figure 4 , DSC analysis indicates that PLGA has a glass transition temperature at 62
• C. The modified chitosan after silylation has no obvious glass transition within the test temperature range, unlike pure chitosan; the latter has a Tg at 126.7
• C. This can be attributed to the disruption of the crystallization of chitosan after silylation reaction. The melting temperature of the copolymers at 152.8
• C is lower than that of PLGA or PLLA (not shown, about 180
• C). The C/N element contents ratio of the TMS-protected chitosan molecules was used to calculate the substitute degree (DS) of TMS (trimethylsilyl) groups in the chitosan molecule (calculated DS = 2.4, according to the reference reported [16] ). The number of pyranose units per graft PLGA chain was calculated by the N element content and PLGA molecular weight (M V = 5000). Generally, the copolymer averaged one PLGA chain for each 18 pyranose unit interval in the chitosan backbone. By orthogonal test analysis, R values (R time = 0.045, R temperature = 0.015, R massratio = 0.093) were calculated respectively and the mass ratio of reactants had the most important influence on the graft polymerization process compared with the other two. Based on the yield of copolymer, the best reaction condition was under 120
Elemental analysis of PLGA-g-chitosan
• C for 6 h with m chitosan /m PLGA = 1:3. Higher graft density of PLGA chains onto chitosan molecules was also found; the number of interval pyranose units per graft PLGA chain reached 13.
Contact angles of chitosan-g-PLGA polymers
The contact angle values of different polymers were shown in table 2. With the introduction of hydrophilic chitosan, the chitosan-g-PLGA contact angle is reduced from 67.5
• for endocarboxyl PLGA to 58
• for the TMS-chitosan-g-PLGA Table 1 . Elemental analysis of CHN in copolymers.
Reaction conditions Element contents (%)
The number of interval pyranose units per 37 * The mass ratio of TMS-protected chitosan to end-carboxyl PLGA is 1:3 (a), 1:2 (b) and 1:1 (c) respectively at 120
• C for 10 h.
copolymer film, while the chitosan-g-PLGA was only 47
• after the TMS groups were removed due to the high hydrophobicity of these groups. The table also shows that the more chitosan added to the copolymers, the lower the contact angle value and the more hydrophilic the copolymers became. Figure 5 shows SEM images of electrospun fibers (15 kV voltage, 10 cm distance and 1 mL h −1 injection rate) of various concentrations of chitosan-g-PLGA solutions. At the concentration of 5 wt% the polymer solution formed very thin fibers (150-300 nm) with many bead-like structures of 5-15 μm ( figure 5(A) ). At 7 wt% of polymer the fibers were 300-500 nm with fewer beads (3-8 μm evident) ( figure 5(B) ). At 9 wt%, figure 5(C), the chitosan-g-PLGA fibers had a smooth and uniform surface. Fibers were 300-800 nm in diameter and free of any beads. At 12 wt%, figure 5(D), fibers were 1-3.5 μm in diameter. Clearly the concentration of chitosan-g-PLGA solution played a major role in fiber diameter and fiber morphology.
Electrospinning of chitosan-g-PLGA copolymers fibers
In vitro degradation of chitosan-g-PLGA fibrous scaffolds
The SEM micrographs in figure 6 show the morphologies of the chitosan-g-PLGA (1:3) fibrous meshes after immersing them into DMEM medium at 37
• C, 5% CO 2 atmosphere for 7 days. As shown in figures 6(A) and (B), during the incubation in medium, the fibers swelled markedly such that there were few gaps visible between fibers and the fibers appeared partially adhered to one another. Figure 7 shows the weight loss versus time of the chitosang-PLGA copolymers in DMEM media over 3 weeks. The lower the content of PLGA, the faster the rate of degradation. After 4 weeks, the weight loss of chitosan-g-PLGA (1:1) was around 33.6%, whereas chitosan-g-PLGA (1:2) was 22.1% and that of chitosan-g-PLGA (1:3) was only 19.0%. Specially, the chitosan-g-PLGA (1:1) is very different from the other two in earlier degradation; at the first week, the mass loss ratio reached 13.6%. This difference in the rate of degradation was maintained throughout 4 weeks.
Culture of cells on chitosan-g-PLGA electrospun scaffolds
The interaction of normal dermal fibroblasts with the scaffolds was examined. Acute cell adhesion over 6 h was assessed using an MTT ESTA assay, as shown in figure 8 (left) . This shows that the cells adhered similarly and rapidly to all three scaffolds with no significant difference between them. Figure 8 (right) shows the total cell viability assessed after 1, 2, 3, 4 and 7 days of culture on the three scaffolds. Again there was no significant difference between cell performances on all three scaffolds, whether these were chitosan, PLGA or chitosan-g-PLGA. Figure 9 shows the appearance of the cells on the chitosang-PLGA scaffold. Figure 9 (A) at higher power shows the 
Discussion
The aim of this study was to investigate a novel method for the preparation of chitosan-g-PLGA copolymers for electrospinning, evaluating these polymers in terms of their appearance, biodegradation and ability to support fibroblast culture when electrospun into scaffolds.
PLA, PGA and PLGA have potential advantages as their degradation rate can be changed to match the rate of neotissue regeneration with sufficient mechanical strength to keep the scaffolds until the new tissue forms. But they still have some disadvantages, such as more hydrophobicity and the lack of cell-recognition signals. Their interactions with the host environment still have much potential for improvement. The justification for introducing chitosan into PLGA is to achieve a range of materials with the extra versatility of improved biocompatibility, hydrophilicity, mechanical stability and modified biodegradability while introducing reactive sites (−OH, -NH 2 ) to promote cell interaction or subsequent modification of the scaffolds as desired.
There are many tissue engineering applications where it would be desirable to preload a scaffold with peptides, proteins, cytokines or drugs either for use as a cell-free biodegradable scaffold to implant into wounds and encourage cellular ingrowth, or to combine with cultured cells in the laboratory as tissue engineered scaffolds. How to improve the biomaterial/cell interface property for eliciting the seeding cellular adhesion and maintaining differentiated phenotypic expression has become one of the major challenges in the field of tissue engineering.
This paper describes a novel route for the chitosan-g-PLGA preparation. The characterization results using FT-IR, 1 H NMR and DSC confirmed a successful synthesis of the copolymer, and in terms of elemental analysis showed that this was predictable and that one could control the graft reaction results by varying the reaction conditions. From the data obtained, it appeared that there were 13-25 pyranose units per PLGA chain achieved in this engraftment. With changes in the reaction conditions, the copolymer composition can be controlled, varying the density of graft PLGA chains and the molecular weight of grafted PLGA chains, and the physicochemical properties of the copolymers can be predicted. The more chitosan that is introduced, the more hydrophilic the copolymer and the more rapidly it degrades thus one can titrate the mechanical properties and rate of degradation desired by varying the ratio of chitosan to PLGA.
Initial in vitro degradation data showed as expected that the higher the concentration of PLGA the lower the degradation rate. In figure 7 , copolymers with a higher PLGA content had lower degradation rates. This can be attributed to PLGA molecular chains' higher hydrophobicity.
In addition the addition of PLGA acted to slow down the rate of degradation of the scaffolds. Also while the degradation products of PLGA can reduce the pH of the surroundings with possible damage to cells and tissues, this is not the case for chitosan which may help neutralize this acidity and ameliorate some of these problems when used in composite scaffolds. Possibly the neutralization effect of including chitosan may be responsible for slowing down the degradation rate of copolymers due to the avoidance of socalled self-catalyzation, preventing the copolymer structure from accelerated disintegration and rapid loss of mechanical strength. A delayed rate of degradation could also be useful for the drug controlled release and tissue engineering scaffolds. However, the nature of the degradation in terms of breakdown products and pH changes requires further study, as it was not investigated directly in this study.
The number of papers on electrospinning of scaffolds attests to the versatility and flexibility of this technique for producing scaffolds for tissue engineering and other applications. As expected the percentage of chitosan present affected the thickness of the fibers and the nature of the electrospun mat produced. As predicted the higher the concentration of chitosan, the thicker the fibers-the key variable was the concentration of polymer solution. At low percentages of chitosan-g-PLGA, nanofibers formed but often with many beads of polymer on them. Increasing polymer solutions to 9 wt% and higher led to much thicker microfibers of 1-3.5 μm diameter. Thus depending on the concentration of the polymer one can achieve nanofibers or microfibers as desired. The thickness of the electrospun mats that could be produced was interesting in that these generally were very thin, but after immersion in media for 7 days there was extensive swelling of the fibers due to, no doubt, the very hydrophilic nature of the chitosan.
Interestingly there were no significant differences in the initial adhesion of cells to electrospun scaffolds made of chitosan alone, PLGA alone or the copolymer. Similarly there was no significant difference between the growths of cells over 7 days on the three different scaffolds, so despite gross changes in the fiber dimensions and the overall morphology of the scaffolds all three provided an effective scaffold for fibroblast adhesion and growth.
